1. Introduction {#sec1}
===============

Combustion of recovered waste wood (or recycled wood) is known to cause severe corrosion problems on furnace walls.^[@ref1]−[@ref5]^ Waste wood's tendency to increase corrosivity is caused by elevated concentrations of heavy metals, chlorine, and alkali metals (potassium and sodium) together with relatively low sulfur content.^[@ref6]−[@ref9]^ Especially heavy metals are known to be very corrosive, because they decrease the first melting temperatures of pure alkali salt deposits and increase the risk of molten phase induced corrosion.^[@ref10],[@ref11]^

Several studies have focused on fireside corrosion in waste-fired boilers.^[@ref1]−[@ref3],[@ref5],[@ref10]−[@ref17]^ According to the latest results, Pb forms lead--potassium chlorides in the deposits and these compounds are suggested to cause the corrosion on furnace walls.^[@ref1],[@ref15]−[@ref17]^ There are two known solid Pb--K--Cl compounds: K~2~PbCl~4~ and KPb~2~Cl~5~. The first one was observed in laboratory testing and the latter one has been found from boiler heat transfer surfaces.^[@ref16]−[@ref18]^ However, the detailed formation mechanism of Pb--K--Cl species in boiler environments is still unknown. In laboratory corrosion experiments, interaction of K~2~SO~4~ and PbCl~2~ and the formation of a caracolite-type compound K~3~Pb~2~(SO~4~)~3~Cl has been observed.^[@ref16]^ In the same publication, a novel gradient corrosion furnace method was used for the first time for Pb-containing salts. The novel testing method has been used earlier for alkali chloride-alkali sulfate mixtures, increasing the understanding of alkali chloride migration within boiler tube deposits and clarifying the importance of understanding the effects of temperature gradients on corrosion reactions.^[@ref19],[@ref20]^ Temperature gradients may play a vital role in PbCl~2~ induced corrosion by the means of local melt formation and proximity of a molten phase to the tube surface.^[@ref17]^

Waste wood is composed of different types of wood fractions and can also include high amounts of Zn. Based on laboratory studies, ZnCl~2~ has been proven to be corrosive at similar temperatures as PbCl~2~.^[@ref13],[@ref21],[@ref22]^ However, Zn oxidizes easily in the areas where corrosion has been found to be the most severe.^[@ref3],[@ref23]^ ZnO is also shown to be corrosive but at higher temperatures than usual furnace wall material temperatures.^[@ref13]^ Thus, it is assumed that the main corrosion issues when firing recovered waste wood are caused mainly by Pb associated with Cl.

Despite the fact that S is a good corrosion prevention agent against alkali chloride induced corrosion, its effectiveness against PbCl~2~ induced corrosion is still not fully understood.^[@ref24]−[@ref30]^ Sewage sludge was reported to decrease the amounts of K, Na, and Cl on the furnace wall deposits leading to reduced corrosion of Ni-based 625 alloy.^[@ref28]^ However, carbon steel was not included in the test matrix. Folkeson et al.^[@ref26]^ reported the effect of S addition on fireside corrosion of stainless and low alloyed steels. They reported a positive effect with stainless steel but low alloyed steel corroded regardless of the S feed. In addition, laboratory measurements have shown K~2~SO~4~ to react with PbCl~2~ and to form a caracolite-type mixture, K~3~Pb~2~(SO~4~)~3~Cl, which also induces increased corrosion with carbon steel material.^[@ref16]^

The purpose of this study is to investigate the interaction of gaseous PbCl~2~ with K and Na salts that are found in boiler deposits, with special focus on the formation of corrosive alkali lead compounds. The laboratory tests were performed using two different synthetic deposit materials that were applied on an air-cooled probe on adjacent alloy samples separated by a heat-resistant barrier. The first deposit component was always PbCl~2~ and the other was either NaCl, Na~2~SO~4~, KCl, K~2~SO~4~, KCl--NaCl mixture, or inert SiO~2~. Although in a boiler environment, other ash forming elements are also likely to affects the behavior of PbCl~2~, this paper concentrates on a simplified system in order to gain a better understanding of the detailed phenomena. The focus was set to study the vaporization, condensation, and reactivity of PbCl~2~ within the other deposit. Two different material temperatures (200 and 400 °C) were selected to examine the effect of the temperature and temperature gradient for the gas-phase migration of chlorides and reaction with the other component for formation of a possible melt. The higher steel temperature (400 °C) was chosen to represent a typical superheater temperature used in waste-fired boiler units, while the lower temperature (200 °C) was chosen as a comparison temperature.

2. Experimental Section {#sec2}
=======================

The reactivity and migration of PbCl~2~ was tested in SiO~2~, NaCl, Na~2~SO~4~, KCl, K~2~SO~4~, and KCl--NaCl (50:50 wt %). The principal experimental equipment was the same as used by Lindberg et al.^[@ref19]^ and Niemi et al.,^[@ref20]^ an air-cooled probe with interchangeable steel rings covered with salt deposits ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The probe is inserted into a tube furnace where it is heated up. Once the probe reaches its target temperature (200 or 400 °C), cooling is initiated and the probe temperature is kept at the target temperature throughout the experiment. The furnace is heated to its target temperature of 980 °C, which resulted in a measured temperature of ∼700 °C (steel temperature at 200 °C) or ∼800 °C (steel temperature at 400 °C) above the deposits. The difference in the probe and furnace temperature leads to a steep temperature gradient over the deposit material, simulating a temperature profile of a boiler deposit. Deposit thickness of approximately 10 mm was used throughout. This resulted in a temperature gradient of ∼50 °C/mm over the deposit. At the end of the experiments, the probe is removed from of the furnace and rapidly cooled down to room temperature.

![On the left, the experimental setup showing the probe with deposit covered sample rings and the probe in a tube furnace during an experiment. On the right, a schematic representation of the experiment configuration.](ef-2018-01722w_0001){#fig1}

After cooling, the deposit material is glued to the sample ring with a few drops of epoxy resin. Once the epoxy is set, the probe is disassembled and the deposit samples are cast in epoxy resin, cut to reveal a cross-section, and the cross-section is analyzed and characterized using scanning electron microscopy and energy dispersive X-ray analysis (SEM/EDXA).

Differing from the experiments of Lindberg et al.^[@ref19]^ and Niemi et al.^[@ref20]^ where two test rings were covered with the same deposit material, in this study the two steel rings housed in the probe contained different deposit materials. The ring no. 1 contained PbCl~2~^[@ref31]^ and the ring no. 2 contained either SiO~2~, NaCl, Na~2~SO~4~, KCl, K~2~SO~4~, or KCl--NaCl (50:50 wt %) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The deposit materials were separated by a wall formed out of fire-sealant paste consisting of sodium silicates and kaolin.

The KCl--NaCl (50:50 wt %) mixture was premelted at 800 °C to form a homogeneous mixture, ground, and sieved to a size fraction of 53--250 μm. The same size fraction was also used for the other alkali salts.

The different deposit materials were tested with different steel temperatures (200 and 400 °C) and exposure times (4 and 24 h). The same furnace set-temperature (980 °C) was used throughout. As the temperature profiles are expected to be similar between samples with the same temperatures but with different target deposit materials, also similar vaporization and diffusion behavior for the PbCl~2~ was expected to occur in experiments with different target deposit materials. The condensation of PbCl~2~ in the target deposit might differ between different compositions due to reactions and interactions (e.g., melt formation). The experimental matrix is summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The steel material used in the experiments was carbon steel EN 10216-2 P235GH (composition shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).

###### Experimental Matrix

  ring no. 1   ring no. 2               200 °C   400 °C
  ------------ ------------------------ -------- ---------
  PbCl~2~      SiO~2~                   24 h     4, 24 h
  PbCl~2~      NaCl                              4, 24 h
  PbCl~2~      Na~2~SO~4~               24 h     24 h
  PbCl~2~      KCl                      24 h     24 h
  PbCl~2~      K~2~SO~4~                24 h     24 h
  PbCl~2~      KCl--NaCl (50:50 wt %)   24 h     24 h

###### Standard Chemical Composition of EN10216-2 P235GH Steel in wt %

  C       Si      Mn      P max   S max   Cr + Cu + Mo + Ni
  ------- ------- ------- ------- ------- -------------------
  ≤0.16   ≤0.35   ≤1.20   0.025   0.010   ≤0.70

3. Results and Discussion {#sec3}
=========================

3.1. Deposit Chemistry {#sec3.1}
----------------------

### 3.1.1. SiO~2~ and PbCl~2~ {#sec3.1.1}

The experiments with SiO~2~ were conducted in order to study the gas-phase migration of PbCl~2~ to, and within, a chemically inert deposit. SiO~2~ was chosen as the deposit material because it does not react or form melt with PbCl~2~. The inertness offered a way to focus only on the migration of PbCl~2~ without considering the reactions or interactions with the deposit material.

In the 24 h/200 °C experiment, there were no signs of PbCl~2~ in the SiO~2~ deposit. In addition, no significant corrosion of the steel was observed. Gas-phase migration was confirmed as the migration mechanism in the SiO~2~ deposits with steel temperature at 400 °C. In the 4 h/400 °C experiment, high amounts of PbCl~2~ were found within the SiO~2~ deposit and even on the oxide layer/steel surface ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). In addition, significant corrosion was observed already after 4 h exposure.

![On the left, a SEM backscatter image of the SiO~2~ deposit in the 4 h/400 °C experiment. On the right, EDXA element distribution maps for Cl, Fe, Pb, and Si.](ef-2018-01722w_0002){#fig2}

In the 24 h/400 °C experiment, a thick oxide layer was observed in the SiO~2~ covered sample. Pure PbCl~2~ was observed within the oxide layer but not in the deposit layer itself. Although the deposit layer did not contain PbCl~2~, it is likely the PbCl~2~ migrated to the oxide layer via gas-phase.

In the 4 h/400 °C experiment, the PbCl~2~ source deposit was observed to be almost depleted at the end of the experiment. In the 24 h/400 °C experiment, the PbCl~2~ source was observed completely depleted. This indicates that in the 24 h experiment, with steel temperature at 400 °C, there had not been any significant PbCl~2~ feed into the gas-phase after 4 h from the experiment start. The lack of continuous PbCl~2~ feed results in a case where the PbCl~2~ that had already migrated into the SiO~2~ deposit would revaporize into the gas-phase once the partial pressure of PbCl~2~ in the furnace air drops. This explains the lack of PbCl~2~ in the SiO~2~ deposit in the 24 h/400 °C experiment and possibly also in the 24 h/200 °C experiment.

### 3.1.2. NaCl and PbCl~2~ {#sec3.1.2}

The experiments with NaCl showed that PbCl~2~ migrates to, and within, the deposit via gas-phase. In the 4 h/400 °C experiment, clear signs of sintering of particles indicate melt formation within the deposit during the experiment. Pure NaCl has a melting point of 801 °C, whereas the solidus temperature of NaCl--PbCl~2~ is 409 °C.^[@ref32]^ In addition, PbCl~2~ was observed entrapped within NaCl particles indicating eutectic melt formation. The solidus temperature corresponds well with the fact that PbCl~2~ inclusions in the NaCl particles were observed also in particles just above the steel surface, i.e., close to 400 °C.

Similar to the 4 h/400 °C SiO~2~ experiment, the corrosion layer was observed to include PbCl~2~. However, the amount of PbCl~2~ was observed to be lower and the oxide layer was thinner. This can be explained by the eutectic melting of the NaCl--PbCl~2~ system. In a case where there is a surplus of NaCl when compared to PbCl~2~, all of the PbCl~2~ will be included in the liquid-phase, lowering its partial pressure in the gas-phase and inhibiting the gas-phase migration to the steel.

In the 24 h/400 °C experiment with NaCl, only minor amounts of PbCl~2~ were observed within the deposit. However, signs of melting were observed throughout the deposit, indicating a presence of PbCl~2~ during the experiment. In addition, the oxide layer was observed to be rich in PbCl~2~.

### 3.1.3. Na~2~SO~4~ and PbCl~2~ {#sec3.1.3}

In the 24 h/200 °C experiment with Na~2~SO~4~, relatively high amounts of Pb and Cl were observed within the deposits. The Pb species were found within a certain distance from the steel and also in an enriched area (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The deposit particles close to the hot furnace air had clearly experienced melting during the experiment, indicating PbCl~2~ presence as pure Na~2~SO~4~ has a melting point of 884 °C.

![Image of the Na~2~SO~4~ deposit after 24 h, with steel temperature at 200 °C. The dashed line shows the observed sintered front. On the right, elemental maps of the close-up, showing areas containing PbCl~2~, Na~2~SO~4~, Na~3~Pb~2~(SO~4~)~3~Cl, and NaCl.](ef-2018-01722w_0003){#fig3}

In addition to melting, Na~2~SO~4~ and PbCl~2~ were observed to react with each other and form Na~3~Pb~2~(SO~4~)~3~Cl,^[@ref33]^ a known mineral caracolite (melting point 701 °C), which has also been observed in waste fired boilers.^[@ref34],[@ref35]^ Formation of Na~3~Pb~2~(SO~4~)~3~Cl from a reaction between Na~2~SO~4~ and PbCl~2~ would also yield NaCl according to [reaction [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}. NaCl was also observed within the deposit, supporting the proposed overall reaction.

The formation of NaCl within the deposit further affects the melting behavior of the deposit. Binary mixtures of Na~2~SO~4~--NaCl and NaCl--PbCl~2~ have solidus temperatures of 626 and 409 °C, respectively.^[@ref32]^ To our knowledge, the thermodynamic properties of the Na~2~SO~4~--NaCl--PbSO~4~--PbCl~2~ have not been evaluated in the literature. However, if the trend is similar as with the K~2~SO~4~--KCl--PbSO~4~--PbCl~2~ system,^[@ref36]^ the solidus temperature of the Na~2~SO~4~--NaCl--PbSO~4~--PbCl~2~ system should not be significantly lower than the solidus temperature of the NaCl--PbCl~2~ system. Approximately in the middle of the deposit, a threshold between a sintered and nonsintered layer was observed, indicating the location of melt within the deposit ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The region was estimated to be found in the temperature region of ∼400 °C.

In the 24 h/400 °C experiment with Na~2~SO~4~, no Pb was observed within the deposit but high amounts were observed in the oxide layer, similar to the corresponding SiO~2~ and NaCl experiments. However, Cl was observed in minor amounts within the deposit, in the form of NaCl, indicating a similar Na~3~Pb~2~(SO~4~)~3~Cl formation, as in the 24 h/200 °C experiment, had taken place. In addition, Na~3~Pb~2~(SO~4~)~3~Cl was observed on the oxide scale. The NaCl was observed exclusively on the furnace-facing side of particles, indicating gas-phase migration toward the steel surface via vaporization-condensation of NaCl,^[@ref19],[@ref20]^ or that the furnace-facing side was the reaction site. Signs of melting were observed at constant distance from the steel surface, roughly in the middle of the deposit. With steel temperature at 400 °C and the outer layer of the deposit at a maximum temperature of ∼800 °C, the middle of the deposit would have experienced temperatures of ∼600 °C. This is close to the Na~2~SO~4~--NaCl solidus temperature (626 °C).

### 3.1.4. KCl and PbCl~2~ {#sec3.1.4}

In the 24 h/200 °C experiment with KCl, clear sintering of the deposit was observed. The uppermost particles of the deposit had not sintered, but closer to the steel clear signs of sintering were observed. This implies that sufficiently low local temperature was needed for the condensation of the PbCl~2~. The temperature in the area, where the Pb-species were observed, was estimated to be ∼400--500 °C during the experiment.

The majority of the Pb-containing species observed in the deposit were found just above the region where the sintering started, in the form of K~2~PbCl~4~. This suggests that the PbCl~2~ reacted with the KCl of the deposit, forming K~2~PbCl~4~ ([reaction [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}). There is also a possibility of forming KPb~2~Cl~5~ ([reaction [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}), but no KPb~2~Cl~5~ was observed in the experiments. A possible formation route for K~2~PbCl~4~ is via gas-phase KPbCl~3~^[@ref37]^ ([reactions [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} and [5](#eq5){ref-type="disp-formula"}). According to the SEM/EDXA results, the main reaction product was K~2~PbCl~4~, which is logical as PbCl~2~ is the limiting reactant and there is a surplus of KCl. The lowest temperature, where melt can be formed in the PbCl~2~--KCl system, is 409 °C with KPb~2~Cl~5~ present in the deposit.^[@ref32]^ The peritectic temperature of K~2~PbCl~4~ is 488 °C,^[@ref32]^ which is in the range where the Pb-species were observed within the deposit.

In the 24 h/400 °C experiment, the results were similar but the sintering of the KCl deposit was more profound and the Pb-containing species were observed in higher quantities ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The Pb-containing species found within the deposit layer were either observed on the furnace-facing side of particles or entrapped within a KCl particle or matrix. The presence of Pb-species on the furnace-facing side of KCl particles implies gas-phase migration to be responsible for the Pb presence in the deposit. The mechanism is similar as described by others.^[@ref19],[@ref20]^ The higher amount of Pb-species found in the 400 °C experiment than in the 200 °C experiment also supports gas-phase migration. The higher temperature at the PbCl~2~ source deposit results in higher concentration of PbCl~2~ in the gas-phase, which increases the condensation of PbCl~2~ at the target deposit. The entrapped Pb-species in and between KCl particles indicate that melting has occurred. Similar to the 200 °C experiment, the Pb-species found in the deposit were mainly K~2~PbCl~4~.

![SEM backscatter image of the 24 h/400 °C KCl deposit and a zoomed in image (right) showing the K~2~PbCl~4~ within the deposit.](ef-2018-01722w_0004){#fig4}

Compared to the SiO~2~, NaCl, and Na~2~SO~4~ experiments with steel temperatures at 200 and 400 °C and exposure time of 24 h, more Pb was found in the corresponding KCl deposits, with the exception of the 24 h/200 °C experiment with Na~2~SO~4~. The formation of K~2~PbCl~4~ can explain the difference. K~2~PbCl~4~ does not occur in the gas-phase, which means that for K~2~PbCl~4~ to revaporize from the KCl deposit, it would need to react back to KCl and PbCl~2~ ([reaction [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}), or to KPbCl~3~(g) and KCl ([reaction [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}). The need for reactions to form components that are able to vaporize could function as a limiting step for the revaporization back to the furnace.

### 3.1.5. K~2~SO~4~ and PbCl~2~ {#sec3.1.5}

In the 24 h/200 °C experiment with K~2~SO~4~, only minor amounts of Pb and Cl were found in the deposit layer. The Pb and Cl that were observed, were found in between K~2~SO~4~ particles. In addition, there were signs of sintering at the outer edge of the deposit. K~2~SO~4~ has a melting point of 1069 °C and has a low vapor pressure at the experiment conditions, which indicates that at some point during the experiment there had been Pb and Cl containing species present within the deposit to induce sintering.

With steel temperature at 400 °C, high amount of both Pb and Cl were found within the deposit. In addition, the whole deposit displayed a sintered structure. Close to the steel surface, there was a compact region ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) that was enriched in Pb and Cl. Pb and Cl were also observed both above and below the compact region, mainly on the furnace-facing side of the particles. Similar behavior was reported by Kinnunen et al.^[@ref16]^ in synthetic premixed deposits consisting of PbCl~2~ and K~2~SO~4~.

![SEM backscatter image and EDXA elemental maps of the 24 h/400 °C K~2~SO~4~ deposit. The figure shows (1) K~3~Pb~2~(SO~4~)~3~Cl on top of K~2~SO~4~ particles, (2) the Pb and Cl enriched region, (3) K~2~PbCl~4~ and K~3~Pb~2~(SO~4~)~3~Cl on top of K~2~SO~4~ particles, and (4) the oxide layer.](ef-2018-01722w_0005){#fig5}

The layers above the compact region had a composition corresponding approximately to K~3~Pb~2~(SO~4~)~3~Cl, which was first observed by Kinnunen et al.,^[@ref16]^ with a composition similar to that of caracolite (Na~3~Pb~2~(SO~4~)~3~Cl).^[@ref35]^ The compact region itself consisted of the same K~3~Pb~2~(SO~4~)~3~Cl and of K~2~PbCl~4~ that surrounded the K~2~SO~4~ particles. The K~2~SO~4~ particles above the compact region had clearly experienced a presence of a molten phase during the experiment. Below the compact region, the main Pb-containing specie observed was K~2~PbCl~4~ with minor amounts of K~3~Pb~2~(SO~4~)~3~Cl close to the compact region. In addition, minor amounts of KCl were found within the deposit, which supports the formation of K~3~Pb~2~(SO~4~)~3~Cl, according to [reaction [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}.

The formation of KCl can act as a trigger to a number of effects within the K~2~SO~4~ deposit. With KCl present in the deposit, [reactions [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}--[5](#eq5){ref-type="disp-formula"} are also plausible to occur in the K~2~SO~4~ deposit. In addition, KCl and K~2~SO~4~ form a eutectic melt (solidus temperature 690 °C), which could partly be responsible for the sintering of the upper deposit, as shown by others.^[@ref19],[@ref20]^

What strikes us as interesting is the fact that the Pb-species are enriched into a compact region within the deposit structure. The region is found near the steel surface, which means that the temperature in the area is somewhere around 420--450 °C. Kinnunen et al.^[@ref16]^ estimated that their Pb-enriched region was observed in a temperature region of 400--430 °C. Unfortunately, the proposed K~3~Pb~2~(SO~4~)~3~Cl phase has not been fully identified and corroborated to exist. Therefore, there is no thermodynamic data available for K~3~Pb~2~(SO~4~)~3~Cl to estimate its melting properties. Due to the fact that KCl is formed in the deposit, melt formation is plausible at similar temperature as with the KCl deposit (409 °C). In addition, the K~2~SO~4~--KCl--PbSO~4~--PbCl~2~ system has a reported lowest melting temperature of 403 °C.^[@ref36]^ However, the compact region was observed at a higher temperature, indicating that solidification of a molten phase occurred at a higher temperature for the mixture in question.

Similar to the KCl and Na~2~SO~4~ deposits, the PbCl~2~ had reacted with the deposit material, which is likely to inhibit the revaporization of PbCl~2~ into the furnace. Therefore, the amount of Pb and Cl found in the deposit is significantly higher than in the corresponding experiments with SiO~2~ and NaCl deposits.

### 3.1.6. KCl--NaCl and PbCl~2~ {#sec3.1.6}

With the mixture of KCl--NaCl (50:50 wt %), the results showed that even when mixed with another component the KCl reacts with PbCl~2~ forming K~2~PbCl~4~. In the 24 h/200 °C experiment, K~2~PbCl~4~ was observed locally on the furnace-facing side and within the original salt particles. The layers of K~2~PbCl~4~ on the furnace-facing side of the original salt particles included also some Na, in the cation ratio of 1:8:4 Na--K--Pb. The ratio corresponds well to the SEM/EDXA point analysis results by Kinnunen et al.^[@ref17]^ from a deposit collected from a recycled wood firing CFB boiler. Within the original particles it seemed that the KCl of the particle had reacted with the PbCl~2~ and the original (K,Na)Cl--(Na,K)Cl matrix was substituted with a K~2~PbCl~4~--(Na,K)Cl matrix ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Formation of the K~2~PbCl~4~--(Na,K)Cl matrix results in a K depletion from the original salt particle.

![SEM backscatter image and EDXA maps of a salt particle in the outer part of the KCl--NaCl deposit in the 24 h/200 °C experiment. The image shows how the Pb species are enriched on the furnace-facing side of the salt particles and even penetrate into the original salt particles, resulting in K depleted areas.](ef-2018-01722w_0006){#fig6}

Similar results were also observed in the 24 h/400 °C experiment. K~2~PbCl~4~ was observed on and within the original salt particles close to the steel surface and on the oxide layer. In addition, the deposit was observed to have sintered throughout. The outer part of the deposit was observed to have melted during the experiment, which is understandable as the solidus temperature of the KCl--NaCl mixture in question is 657 °C. Closer to the steel, the particles were bridging, implying that small amounts of melt had been present during the experiment, which indicates that Pb species had been distributed throughout.

In the 24 h/400 °C experiment, the salt particles were observed to have a different microstructure as a function of temperature within the deposit. The particles in colder temperatures had a fairly homogeneous conglomerate microstructure. In higher temperatures, the conglomerate microstructure became more heterogeneous and at the same time the furnace-facing sides of the particles were observed to be enriched in NaCl. The NaCl enrichment is likely a result of the K~2~PbCl~4~ formation (see [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) and subsequent reaction back to volatile species ([reactions [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} and [5](#eq5){ref-type="disp-formula"}) and vaporization of KCl, KPbCl~3~, and PbCl~2~, which results in the depletion of K at the top of the salt particles.

3.2. Corrosion {#sec3.2}
--------------

This section will concentrate on the 400 °C experiments due to no significant corrosion observed in the 200 °C experiments. The measured corrosion layer thicknesses are summarized in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. The corrosion layer thicknesses were measured from the SEM backscatter images. The thicknesses were measured in 10 separate points per sample along the oxide layer. Any gaps between oxide layers were not included into the thickness measurements.

###### Corrosion Layer Average Thickness and Largest Deviation from the Average[a](#tbl3-fn1){ref-type="table-fn"}

               corrosion layer thickness \[μm\]   Pb-containing species                                     
  ------------ ---------------------------------- ----------------------- --------------------------------- -------------
  SiO~2~       90 ± 38                            630 ± 15                PbCl~2~                           PbCl~2~
  NaCl         50 ± 13                            260 ± 20                PbCl~2~                           PbCl~2~
  Na~2~SO~4~                                      230 ± 57                PbCl~2~, Na~3~Pb~2~(SO~4~)~3~Cl   PbCl~2~
  KCl                                             110 ± 30                K~2~PbCl~4~                       K~2~PbCl~4~
  K~2~SO~4~                                       70 ± 45                 K~2~PbCl~4~                       K~2~PbCl~4~
  KCl-NaCl                                        50 ± 13                 K~2~PbCl~4~                       K~2~PbCl~4~

The table also shows the observed Pb-containing species, on and within the oxide layer, with different deposit materials.

The corrosion layer under the SiO~2~ deposit was observed to be the thickest compared to other deposits with the same exposure time. Interestingly the smallest amount of Pb and Cl was found within the SiO~2~ deposit after 24 h exposure. With the 4 h/400 °C experiment, the corrosion layer was observed to be compact and consist of three distinct layers ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). The layer closest to the steel consisted mainly of Fe and Cl, indicating the presence of FeCl~2~. The second layer from the steel consisted mainly of Fe and O in an atomic ratio of ∼2:3. In addition, minor amounts of Pb and Cl were observed within the layer. The third layer from the steel was a mixture of Fe, Pb, O, Cl, and some Si. The layer was mixed but the bulk composition indicates that the layer consisted of Fe~*x*~O~*y*~, PbCl~2~, PbO, and SiO~2~.

![SEM backscatter image of the corrosion layer from the 4 h/400 °C experiment with SiO~2~. The image shows an FeCl~2~ layer on the steel surface, minor amounts of PbCl~2~ on the FeCl~2~ layer, followed by a dense Fe~*x*~O~*y*~ layer, and a mixed layer of Fe~*x*~O~*y*~ + PbCl~2~.](ef-2018-01722w_0007){#fig7}

The compact and intertwined morphology with PbCl~2~ and Fe~*x*~O~*y*~ implies that melt had been present at some point. Pure PbCl~2~ has a melting point of 500 °C, which is significantly higher than the steel temperature during the experiment. However, if FeCl~2~ is formed as a corrosion product at the steel surface, it forms a mixture with PbCl~2~, which forms a melt at ∼410--420 °C,^[@ref16],[@ref38]^ and could explain the compact structure.

With 24 h/400 °C SiO~2~ experiment, the oxide layer was thick and porous. The corrosion products were observed in layers consisting of Fe and O. The Fe~*x*~O~*y*~ layers were mixed with minor amounts of Pb and Cl. The amount of Pb and Cl was observed to be higher close to the steel surface than in the outer part of the oxide layer ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}).

![SEM backscatter image of the oxide layer under the SiO~2~ deposit in the 24 h/400 °C experiment. On the right, EDXA element distribution maps for Cl, Fe, Pb, and Si.](ef-2018-01722w_0008){#fig8}

In the 4 h/400 °C experiment with NaCl, the corrosion layer was similar as in the corresponding SiO~2~ experiment. Closest to the steel there was a layer consisting mainly of Fe and Cl, followed by layers with intertwined Fe, Pb, Cl, and O. Na was not observed within the corrosion layer. In the 24 h/400 °C experiment, the oxide layer was similar but thicker. In addition, there were several Fe~*x*~O~*y*~ layers mixed with PbCl~2~. The bulk of the PbCl~2~ was found in the middle of the oxide layer, in droplet-like shapes ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}).

![SEM backscatter images of corrosion layers below NaCl deposits in 4 h/400 °C (left) and 24 h/400 °C (right) experiments.](ef-2018-01722w_0009){#fig9}

The Na~2~SO~4~ deposit in the 24 h/400 °C experiment produced a layered oxide scale. Similar to the experiments with SiO~2~ and NaCl, there were signs of FeCl~2~ formation close to the steel surface. Otherwise the oxide layer consisted of Fe, Pb, Cl, and O. The Fe~*x*~O~*y*~ layers were porous and PbCl~2~ was observed on the furnace-facing side of those layers. Interestingly no Na was observed within the oxide layer, although there was Na on top of the oxide layer in the form of Na~3~Pb~2~(SO~4~)~3~Cl ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}).

![SEM backscatter image of the corrosion layer from the 24 h/400 °C experiment with Na~2~SO~4~. The image shows Na~3~Pb~2~(SO~4~)~3~Cl at the outer edge of the oxide layer, several Fe~*x*~O~*y*~ layers, and PbCl~2~ on the furnace-facing side of Fe~*x*~O~*y*~ layers.](ef-2018-01722w_0010){#fig10}

The 24 h/400 °C experiment with KCl resulted in a thinner oxide layer when compared to the SiO~2~, NaCl, and Na~2~SO~4~ experiments. No pure PbCl~2~ was observed within the KCl deposit or within the oxide layer, contrary to the SiO~2~, NaCl, and Na~2~SO~4~ experiments. Instead, Pb and Cl within the oxide layer were associated with K, in the form of K~2~PbCl~4~. The Pb-containing species were observed on and within the oxide layer. This is similar to results reported by others.^[@ref17]^ Moreover, the oxide layer was denser than in the corresponding SiO~2~, NaCl, and Na~2~SO~4~ deposits and contained visibly less Pb-containing species ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}). In addition, some signs of FeCl~2~ formation at the steel surface were observed.

![SEM backscatter image and elemental maps of the corrosion layer from the 24 h/400 °C experiment with KCl.](ef-2018-01722w_0011){#fig11}

The K~2~SO~4~ deposit with the 24 h/400 °C experiment resulted in an oxide layer, which had an uneven thickness and was compact. Contrary to the other experiments, FeCl~2~ was not clearly observed at the steel surface. Even so, its presence cannot be completely ruled out. K, Pb, and Cl were observed within the oxide layer similar to the KCl deposits, and they were associated in ratios corresponding to the composition of K~2~PbCl~4~. In addition, analysis showed KCl present on the oxide layer. The proposed K~3~Pb~2~(SO~4~)~3~Cl was not observed within the oxide layer.

The KCl--NaCl mixture with 24 h/400 °C resulted, surprisingly, in the thinnest oxide layer. Pb was observed as K~2~PbCl~4~ on top of the oxide layer. Within the oxide layer, some K~2~PbCl~4~ was observed. In addition, within the deposit, Pb was observed in roughly a 1:1 ratio with Cl and with some K present. The composition corresponds roughly to a mixture of K~2~PbCl~4~ and Pb~2~OCl~2~.^[@ref39]^ Some signs of FeCl~2~ formation at the steel surface were observed. The salt particles (K~2~PbCl~4~--KCl--NaCl) close to the steel surface have a composition, which according to the prediction of Kinnunen et al.^[@ref17]^ has a solidus temperature 398 °C. The predicted solidus temperature is below the steel temperature (400 °C), which would result in a molten phase on the steel surface. However, molten salts often lead to rapid corrosion rates, which can be argued to not be the case in the KCl--NaCl 24 h/400 °C experiment. Kinnunen et al.^[@ref17]^ note that their predicted solidus temperature for the K~2~PbCl~4~--KPb~2~Cl~5~--NaCl system is ∼15 °C lower than the reported measured values by others.^[@ref32],[@ref40]^ If the same trend is true for the K~2~PbCl~4~--KCl--NaCl system, it would mean that the solidus temperature of the system is above the steel temperature and the molten phase is not as likely to come into contact with the steel surface. It is also possible that it takes a long time for the PbCl~2~ to reach the steel surface and the corrosion reaction initiation is delayed.

The SiO~2~ deposit resulted in the thickest corrosion layer, followed by NaCl, which forms a melt together with PbCl~2~ but does not react and form solid Na--Pb chlorides. The difference in oxide layer thickness between the corresponding SiO~2~ and NaCl experiments is likely due to the fact that it takes a longer time for PbCl~2~ to reach the steel surface when it can be bound in molten phase with NaCl. The formation of a PbCl~2~--NaCl melt lowers the partial pressure of PbCl~2~ in the gas phase, which slows down the migration to the steel surface. This is supported by the similar corrosion behavior, neglecting the thickness, between the deposits. With both deposit materials, the oxide layer was similar in nature and composition, suggesting that only the initiation was slower with the NaCl.

With Na~2~SO~4~ the corrosion layer was thinner than with NaCl although the oxide layer was qualitatively similar. The formation of Na~3~Pb~2~(SO~4~)~3~Cl further binds the Pb into a less corrosive compound, which inhibits the corrosion. Even with Na~2~SO~4~, some PbCl~2~ was observed within the oxide layer, which implies that either all of the PbCl~2~ did not react or that Na~3~Pb~2~(SO~4~)~3~Cl can decompose and form PbCl~2~ at the oxide layer.

In experiments with the K-salts, the reactions of PbCl~2~ with the deposit material seemed to further inhibit the corrosion. Especially the formation of K~2~PbCl~4~ seems to bind the Pb and Cl in a form in which they are not as corrosive as pure PbCl~2~. In the presence of K~2~SO~4~, the formation of the K~3~Pb~2~(SO~4~)~3~Cl binds Pb and yields KCl, which can further react with PbCl~2~.

The KCl--NaCl mixture resulted in the lowest amount of corrosion. The formation of K~2~PbCl~4~ inhibits the transport of Pb-containing species to the steel. In addition, the KCl is bound into a matrix together with NaCl, which means that even some of the resulting K~2~PbCl~4~ is bound to a matrix, which inhibits the revaporization.

The corrosion layer thickness results imply that pure PbCl~2~ is more corrosive than Na~3~Pb~2~(SO~4~)~3~Cl, K~2~PbCl~4~, or K~3~Pb~2~(SO~4~)~3~Cl. The higher corrosivity of PbCl~2~ is possibly connected to the active oxidation mechanism induced by Cl~2~ (or HCl).^[@ref41]^ According to active oxidation, gaseous Cl~2~ (or HCl) penetrates the oxide scale and reacts with the steel, forming volatile metal chlorides, which diffuse outward and subsequently oxidize in higher O~2~ partial pressures. The oxidization of metal chlorides yields metal oxides and Cl~2~. The regenerated Cl~2~ is again available for penetration of the newly formed oxide scale and to continue the attack on the steel surface. In addition, the penetration of Cl~2~ has been speculated to be enhanced by temperature gradients.^[@ref42]^

An alternative Cl induced corrosion mechanism has been proposed for steel exposed to KCl.^[@ref43]^ According to the mechanism, KCl dissociates at the oxide scale surface in the presence of oxygen and water vapor, forming KOH and Cl^--^. In addition, a simultaneous oxidation of Fe takes place at the steel surface resulting in Fe^2+^ ions. The Cl^--^ ions diffuse rapidly to the steel surface and react with the Fe^2+^ ions to form FeCl~2~. Similar mechanism could occur with PbCl~2~, where PbCl~2~ reacts at the oxide scale to form PbO and Cl^--^.

Both of the fore described corrosion mechanisms lead to the formation of metal chlorides at the steel-oxide interface. The presence of FeCl~2~ can further result in the formation of melt together with other corrosion layer or deposit components, resulting in rapid molten phase induced corrosion. In addition, in the both proposed mechanisms Cl is the key component, which induces rapid corrosion. Therefore, the differences between the corrosivity of PbCl~2~, Na~3~Pb~2~(SO~4~)~3~Cl, K~2~PbCl~4~, and K~3~Pb~2~(SO~4~)~3~Cl is likely connected to the stability of the species, i.e., how easily the component yields free Cl either in the form of Cl^--^ ions or gaseous Cl~2~. It seems that Cl is released more easily from PbCl~2~, either as Cl^--^ of Cl~2~, than from Na~3~Pb~2~(SO~4~)~3~Cl, K~2~PbCl~4~, or K~3~Pb~2~(SO~4~)~3~Cl in the temperature of 400 °C, resulting in the fastest corrosion rates.

NaCl and KCl also include Cl but they are considered less corrosive than PbCl~2~.^[@ref12]^ This behavior is often connected to the melting behavior, i.e., mixtures containing PbCl~2~ often have lower melting temperatures. In addition, alkali chlorides are also more stable than PbCl~2~, meaning they do not release Cl for the corrosion reaction as easily.

The liquid phase is in contact with the steel surface can also enhance the corrosion rate of the steel. [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} shows that melt has potentially been in contact with the steel surface in all of the experiments with steel temperature at 400 °C. Although the solidus temperature of the PbCl~2~--FeCl~2~ is estimated to be 410--420 °C,^[@ref16],[@ref38]^ it is likely that the melt has come into contact with the steel at 400 °C. The temperature gradient across both the deposit and the oxide layer enables melt formation in the higher temperatures. The formed melt can trickle down to the steel surface and get in contact with the steel before it solidifies. In addition, there are slight temperature fluctuations that can cause an occasional rise in the steel temperature.

###### Summary of the Salts and Salt Systems within the Deposits, As Well As in the Corrosion Layer, And Their Lowest Melting Temperatures

               deposit                              corrosion product                            
  ------------ ------------------------------------ ------------------- ------------------------ -----------------------------------------------
  SiO~2~       PbCl~2~                              501^[@ref44]^       Fe~*x*~O~*y*~, FeCl~2~   PbCl~2~--FeCl~2~: 410--420^[@ref16],[@ref38]^
  NaCl         NaCl                                 801^[@ref44]^       Fe~*x*~O~*y*~, FeCl~2~   PbCl~2~--FeCl~2~: 410--420^[@ref16],[@ref38]^
               PbCl~2~                              501^[@ref44]^                                NaCl--FeCl~2~: 378^[@ref45]^
               NaCl--PbCl~2~                        409^[@ref32]^                                 
  Na~2~SO~4~   Na~2~SO~4~                           884^[@ref44]^       Fe~*x*~O~*y*~, FeCl~2~   PbCl~2~--FeCl~2~: 410--420^[@ref16],[@ref38]^
               PbCl~2~                              501^[@ref44]^                                NaCl--FeCl~2~: 378^[@ref45]^
               Na~2~Pb(SO~4~)~3~Cl                  701^[@ref33]^                                 
               NaCl                                 801^[@ref44]^                                 
               NaCl--Na~2~SO~4~                     626^[@ref46]^                                 
               NaCl--PbCl~2~                        409^[@ref32]^                                 
               NaCl--Na~2~SO~4~--PbCl~2~--PbSO~4~   n.a. (\<409)                                  
  KCl          KCl                                  771^[@ref44]^       Fe~*x*~O~*y*~, FeCl~2~   PbCl~2~--FeCl~2~: 410--420^[@ref16],[@ref38]^
               PbCl~2~                              501^[@ref44]^                                KCl--FeCl~2~: 350^[@ref45]^
               K~2~PbCl~4~                          488^[@ref32]^                                PbCl~2~--FeCl~2~--KCl: 312^[@ref16]^
               KCl--PbCl~2~                         409^[@ref32]^                                 
  K~2~SO~4~    K~2~SO~4~                            1069^[@ref44]^      Fe~*x*~O~*y*~            PbCl~2~--FeCl~2~: 410--420^[@ref16],[@ref38]^
               PbCl~2~                              501^[@ref44]^       no FeCl~2~ observed      KCl--FeCl~2~: 350^[@ref45]^
               K~2~Pb(SO~4~)~3~Cl                   n.a.                                         PbCl~2~--FeCl~2~--KCl: 312^[@ref16]^
               KCl                                  771^[@ref44]^                                 
               K~2~PbCl~4~                          488^[@ref32]^                                 
               KCl--K~2~SO~4~                       690^[@ref46]^                                 
               KCl--PbCl~2~                         409^[@ref32]^                                 
               KCl--K~2~SO~4~--PbCl~2~--PbSO~4~     403^[@ref36]^                                 
  NaCl-KCl     NaCl                                 801^[@ref44]^       Fe~*x*~O~*y*~, FeCl~2~   PbCl~2~--FeCl~2~: 410--420^[@ref16],[@ref38]^
               KCl                                  771^[@ref44]^                                NaCl--FeCl~2~: 378^[@ref45]^
               PbCl~2~                              501^[@ref44]^                                KCl--FeCl~2~: 350^[@ref45]^
               K~2~PbCl~4~                          488^[@ref32]^                                PbCl~2~--FeCl~2~--KCl: 312^[@ref16]^
               NaCl--KCl                            657^[@ref45]^                                 
               NaCl--PbCl~2~                        409^[@ref32]^                                 
               KCl--PbCl~2~                         409^[@ref32]^                                 
               K~2~PbCl~4~--KCl--NaCl               398^[@ref17]^                                 

Signs of PbCl~2~--FeCl~2~ melt formation can be seen, for example, in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. When a binary melt of PbCl~2~--FeCl~2~ is formed, the components are mixed. When O~2~ concentration increases and FeCl~2~ is oxidized to iron oxide, the mixture solidifies, resulting in a solid matrix of iron oxide and PbCl~2~ observed in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. Due to the temperature gradient, the solid PbCl~2~ is exposed to a driving force toward the colder temperature, i.e., the steel surface. Vaporization from the iron oxide matrix and condensation at the colder surface is likely responsible for the PbCl~2~ rich areas within the oxide layers as well as the porous iron oxide matrixes observed in [Figures [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}--[10](#fig10){ref-type="fig"}.

4. Comparison to Collected Boiler Deposit {#sec4}
=========================================

The structure and chemical composition of the synthetic deposits were compared to a superheater deposit collected from recycled wood fired CFB-boiler. A cross-section and SEM/EDXA analyses of this deposit are presented in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}. Superheater material temperature at the deposit sampling place is ∼400--420 °C and flue gas temperature is ∼850 °C. The lower part (tube side) of the superheater deposit has a dense and layered structure whereas the upper part (flue gas side) is coarser. Two different alternating layers were recognized in the lower part: Fe~*x*~O~*y*~ (point 4, [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}) and K~2~PbCl~4~ (point 3, [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}). Above these alternating layers, a KCl--NaCl mixture was detected (point 2, [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}). The uppermost part of the deposit is composed of several mixed elements: Na, S, Cl, K, Ca, Fe, Pb, Al, and Si (point 1 and area, [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}).

![Cross-section with SEM/EDXA results of a collected superheater deposit from a recycled wood fired boiler.](ef-2018-01722w_0012){#fig12}

The structure and the chemical composition of the boiler deposit correlate well with the synthetic deposits used and formed in the gradient furnace. As observed within the gradient furnace experiments and confirmed with the superheater deposit, K reacts with Pb and Cl and forms a K--Pb--Cl mixture even if Na would be available. In this study, K--Pb--Cl was noticed to be highly corrosive, even though PbCl~2~ seemed to be the most corrosive salt. However, PbCl~2~ was not found from the analyzed boiler deposit nor from the gradient furnace deposits when K-salts were present in the deposit. The major Pb-containing mixture in both cases was K~2~PbCl~4~.

Although other ash forming elements (e.g., Ca, Al) could also affect the migration and interactions of Pb and Cl in boiler environments, the collected boiler deposit shows how K--Pb--Cl mixtures are still formed in the oxide layer. This indicates that the mechanisms observed in the laboratory experiments are also relevant in more complicated industrial systems.

5. Conclusions and Implications {#sec5}
===============================

PbCl~2~ was observed to react with Na~2~SO~4~, KCl, and K~2~SO~4~. In contrary, no reaction with NaCl was noticed. PbCl~2~ interaction with alkali sulfates resulted in the formation of caracolite, Na~3~Pb~2~(SO~4~)~3~Cl, and caracolite-type compound, K~3~Pb~2~(SO~4~)~3~Cl. K~2~PbCl~4~ was formed in deposits where either KCl or K~2~SO~4~ was present. Both K~2~PbCl~4~ and the proposed K~3~Pb~2~(SO~4~)~3~Cl seemed to bind Pb in the deposit by inhibiting revaporization back to the furnace. This resulted in more Pb found in deposits but also in a slower corrosion rate. The caracolite, Na~3~Pb~2~(SO~4~)~3~Cl, bound also some Pb, but PbCl~2~ was still found in the sample cross-section, which resulted in an enhanced corrosion rate. The deposit reactions and corrosion results are summarized in [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}.

![Summary of the deposit chemistry and corrosion results.](ef-2018-01722w_0013){#fig13}

The results showed no increased corrosion with material temperature at 200 °C, whereas all the deposit materials were found to be extremely corrosive at 400 °C, when using carbon steel material. The most corrosive agent was pure PbCl~2~ salt. Thus, the highest corrosion rates were detected with deposits not reacting with PbCl~2~ (i.e., SiO~2~ and NaCl).

Comparison of synthetic deposits with real superheater deposit showed that corrosion results from the gradient furnace experiments are qualitatively similar to observations from boilers. The corrosion front and corrosion products were surprisingly similar between the real and synthetic deposits. The gradient furnace testing method proved to be a practical tool for further corrosion studies in laboratory-scale testing of superheater materials and deposit chemistry.
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